Clostridium acetobutylicum's metabolic pathways have been studied for decades due to its metabolic diversity and industrial value, yet many details of its metabolism continue to emerge. The flux through the recently discovered pentose phosphoketolase pathway (PKP) in C. acetobutylicum has been determined for growth on xylose but transcriptional analysis indicated the pathway may have a greater contribution to arabinose metabolism. To elucidate the role of xylulose-5-phosphate/fructose-6-phosphate phosphoketolase (XFP), and the PKP in C. acetobutylicum, experimental and computational metabolic isotope analyses were performed under growth conditions of glucose or varying concentrations of xylose and arabinose. A positional bias in labelling between carbons 2 and 4 of butyrate was found and posited to be due to an enzyme isotope effect of the thiolase enzyme. A correction for the positional bias was applied, which resulted in reduction of residual error. Comparisons between model solutions with low residual error indicated flux through each of the two XFP reactions was variable, while the combined flux of the reactions remained relatively constant. PKP utilization increased with increasing xylose concentration and this trend was further pronounced during growth on arabinose. Mutation of the gene encoding XFP almost completely abolished flux through the PKP during growth on arabinose and resulted in decreased acetate/butyrate ratios. Greater flux through the PKP during growth on arabinose when compared with xylose indicated the pathway's primary role in C. acetobutylicum is arabinose metabolism.
INTRODUCTION
Interest in Clostridium acetobutylicum fermentations has been renewed as the search for renewable petrol alternatives continues. This interest is due to the organism's use in the early 20th century for production of the solvents acetone, butanol and ethanol from starches at the industrial scale (Jones & Woods, 1986; Lütke-Eversloh & Bahl, 2011) . C. acetobutylicum's natural metabolic diversity enables it to metabolize the majority of carbohydrates found in biomass, including the most abundant pentoses from hemicellulose, arabinose and xylose (Gu et al., 2014; Liu et al., 2012; Servinsky et al., 2010 Servinsky et al., , 2012 Voigt et al., 2014) . These features, combined with the fact that butanol is an excellent petrol replacement, make the organism an attractive candidate for conversion of heterogeneous biomass to biofuels (Gu et al., 2014; Nigam & Singh, 2011) . To understand the process behind such a complex conversion, a range of metabolic models of varying complexity have been developed for C. acetobutylicum and continue to be refined through isotopomer analysis and other methods (AmadorNoguez et al., 2010; Au et al., 2014; Crown et al., 2011; Desai et al., 1999; Haus et al., 2011; Lee et al., 2008; McAnulty et al., 2012; Papoutsakis, 1984; Senger & Papoutsakis, 2008a, b) .
Metabolic output in fermentative organisms is directly correlated with redox state, which can be controlled by altering growth conditions, modulating metabolic pathways or inhibiting enzymes involved in recycling of electron carriers (Cai et al., 2013 ; Hönicke et al., 2012; Kim et al., 1984; Lehmann et al., 2012a, b; Sonderegger et al., 2004; Sund et al., 2007; Vasconcelos et al., 1994; Wang et al., 2012; Wietzke & Bahl, 2012) . In C. acetobutylicum, reduced electron carriers (NADH and ferredoxin) are produced in the lower glycolytic pathway and by pyruvate ferredoxin oxidoreductase (PFOR) (see Fig. 1 ) (Jones & Woods, 1986) . The cells reoxidize the carriers either by using protons as electron acceptors (via the hydrogenase), or by using acetylCoA as an electron acceptor during formation of butyrate (Jones & Woods, 1986) . Previous studies have shown inhibition of C. acetobutylicum's hydrogenase causes the cells to increase use of acetyl-CoA as an electron acceptor, resulting in formation of a higher proportion of reduced metabolites (Cai et al., 2013; Kim et al., 1984) . Metabolic output of C. acetobutylicum can also be manipulated by altering the oxidation state of feedstock, which has been demonstrated by comparing fermentations of glycerol/ glucose mixtures, mannitol and gluconate with glucose fermentations (Johnson et al., 1931; Vasconcelos et al., 1994) .
Another potential source of redox modulation is the carbohydrate metabolism pathway, as evidenced by yeast engineered to utilize a phosphoketolase pathway (PKP) rather than the pentose phosphate pathway (PPP) for xylose fermentation (Sonderegger et al., 2004) . Optimization of fermentations therefore requires a thorough understanding of carbohydrate catabolic pathways and how they contribute to the redox state of the cells.
Plant cell walls contain a vast array of carbohydrates, with arabinose and xylose being the most abundant pentoses (Albersheim et al., 2011) . Recent work indicated C. acetobutylicum's pentose metabolism is unusual among clostridial species due to the simultaneous use of the PKP and the PPP Servinsky et al., 2012) . The PKP is largely missing from metabolic models, yet has been observed experimentally under certain conditions. Previous studies have demonstrated mRNA for the gene encoding a bi-functional xylulose-5-phosphate/fructose-6-phosphate phosphoketolase (XFP), xfp (CA_C1343), was induced during growth on 0.5 % arabinose and 0.5 % xylose by 185-and 2-fold, respectively, compared with growth on glucose (Servinsky et al., 2012) . XFP is the enzyme responsible for flux via the PKP. Its effect on metabolism is that a proportion of carbon bypasses the lower portion of glycolysis, resulting in less oxidation of carbon to CO 2 , thereby generating fewer reducing equivalents Servinsky et al., 2012) . There is ultimately a decreased need to reoxidize electron carriers through conversion of acetylCoA to butyrate.
Another recent study used 13 C labelling and computational modelling to validate split flux through both the PKP and the PPP during growth on xylose, with an increase in the PKP/PPP flux ratio as xylose concentrations increased in the media . As important as this insight is, the model accounted only for the xylulose-5-phosphate activity of XFP and did not examine growth on arabinose. To better define the contribution of XFP to arabinose metabolism, we used 13 C metabolite analysis and an OpenFLUX model containing both xylulose-5-phosphate and fructose-6-phosphate phosphoketolase activities to calculate flux through the PKP during growth on arabinose, xylose and glucose (Quek et al., 2009) . The model is freely available and easily extensible for flux calculations in other phosphoketolase-utilizing organisms.
METHODS
Growth conditions. C. acetobutylicum ATCC 824 was grown on clostridial growth medium (CGM), as previously described (Servinsky et al., 2010 C-labelled glucose, arabinose or xylose in water to CGM containing no carbohydrate to achieve final concentrations of 0.5 and 1 % for each carbohydrate. The media were inoculated with 1 ml of culture grown overnight on CGM. All cultures were grown in a Coy anaerobic chamber (Coy Lab Products) at 37 uC in an atmosphere of 5 % H 2 , 5 % CO 2 and 90 % N 2 .
Construction of CA_C1343 mutant. The phosphoketolase gene, CA_C1343, was disrupted using a group II intron-based system (ClosTron) (Heap et al., 2007) . A possible intron insertion site 292/ 293a was predicted using the algorithm developed by Perutka et al. (2004) . A CA_C1343 target vector, pMTL007C-E2 : Cac-xfp-292a, was subsequently constructed by retargeting pMTL007C-E2 (GenBank accession no. HQ263410.1) (Heap et al., 2010) . pMTL007C-E2 : Cacxfp-292a was transformed into C. acetobutylicum ATCC 824, and the CAC1343-disrupted mutant was identified as previously described (Heap et al., 2007) . Potential mutants were screened via PCR using the primers xfp 45 sense, xfp 535 anti and EBS universal (see Table S1 and Fig. S1 , available in the online Supplementary Material). One clone, which appeared to have integrated into CA_C1343, was verified using Southern blot analysis, as previously described (see Supplementary Material for detailed methods and Fig. S1 ) and designated CacATCC824-xfp292a : : CT (Servinsky & Julin, 2007) .
Sample preparation for HPLC, NMR and MS analysis. Triplicate cultures of C. acetobutylicum were grown under anaerobic conditions at 37 uC for 1-2 days in CGM supplemented with isotopically labelled arabinose, xylose or glucose. After incubation cell debris was removed from the samples by centrifugation (5000 g, 10 min, 4 uC) in a Sigma 204 centrifuge (Sigma-Aldrich) equipped with a fixed-angle rotor. The supernatants were filtered through 0.2 mm syringe filters and stored at 280 uC. Pure metabolite samples (i.e. acetate and butyrate) for NMR and MS studies were collected using an HPLC fraction collector.
HPLC conditions. HPLC analysis of metabolites was performed on an Agilent 1200 system (Agilent Technologies) equipped with a refractive index detector and an Aminex HPX-87H cation exchange column (300 mm 6 7.8 mm i.d. 6 9 mm) (Bio-Rad) as previously described (Finch et al., 2011) . Samples (100 ml) were injected into the HPLC system and eluted isocratically at 30 uC with a mobile phase of 3.25 mM H 2 SO 4 , at a flow rate of 0.6 ml min 21 . Metabolite quantifications were based on comparisons with external calibration curves. Mass spectrometry. Negative-mode atmospheric pressure chemical ionization mass spectra of metabolite samples were obtained using a JEOL time-of-flight mass spectrometer (AccuTOF; JEOL) equipped with an atmospheric pressure chemical ionization ion source. The desolvation chamber temperature was set to 400 uC and the needle voltage was 24000 V. Full MS spectra were acquired at a resolution power of 6000 (full width half-maximum), with a range of mass-tocharge ratio (m/z) set to 50-250. For quantitative measurement of 13 C-labelled metabolites, the labelling fraction of one mass isotopomer of a metabolite was calculated by dividing the peak area of this mass isotopomer by the sum of the peak areas of all measured mass isotopomers of this metabolite. 13 C]xylose (Quek et al., 2009) . A schematic of the model is presented in Fig. 2 , alongside the reaction definitions and atom transitions contained in the model. While similar in form and spirit to previous small models built around the central carbon pathway of C. acetobutylicum, some important differences should be noted (Desai et al., 1999; Li et al., 2011; Liu et al., 2012) . The model contains XFP reactions for both fructose-6-phosphate and xylulose-5-phosphate. Reversibility was determined to have an important effect on isotope label redistribution, particularly within the context of the PPP. It has also been demonstrated that it is important to include appropriate reversibility, despite the increase in the number of unknown fluxes and possible sensitivity to experimental noise (Follstad & Stephanopoulos, 1998; Srour et al., 2011) . Preliminary results confirmed the importance of reversibility in this system for accurate reproduction of experiments. In the current model specific reversibility is included for transketolase, transaldolase and phosphotransacetylase reactions. Input substrates include the three sugars: glucose, xylose and arabinose. Excluded metabolites include all three sugars (extracellular), as well as extracellular acetate, butyrate and CO 2 . Experimental mass isotopomer distributions (MIDs) and error are provided for acetate (m and m+1 isotopomers) and butyrate (m, m+1 and m+2 isotopomers). The experimentally obtained ratio of acetate to butyrate provides an additional constraint.
Optimized flux distributions were obtained with the OpenFLUX software of Quek et al. (2009) . For these simulations, a value of 0.8 was used for the upper boundary value of the reversible reaction (rather than the default value of 0.995), resulting in an accessible range for reversible reactions roughly fourfold greater than the specified flux order of magnitude. It was found that 200 iterations (rather than the default value of 10) were sufficient for reproducible results and converged to the required degree of accuracy. A network check was performed to test for feasibility and a sensitivity analysis was performed by Monte Carlo simulation, again subject to constrained acetate to butyrate product ratios, with 200 iterations providing sufficient reproducibility and accuracy. Results are shown for explicit tracking of 13 C label on C2 and C4 of butyrate in Fig. 3 , which shows that the product label should be confined to these sites. Simulations tracking 13 C label on all carbons were performed as an additional check, and were in good agreement.
RESULTS

Labelling strategy
A labelling strategy was devised around direct conversion of carbon at positions 1 and 2 of fructose-6-phosphate and xylulose-5-phosphate to acetyl-phosphate by XFP. In the reactions, carbon incorporated in acetyl-phosphate bypasses lower glycolysis and is not converted to CO 2 (Fig. 3) . C. acetobutylicum metabolizes glucose via glycolysis, so glucose metabolism was used as a control for modelling and experimentation (Amador-Noguez et al., 2010; Crown et al., 2011) . The scenarios employed to develop this labelling strategy are shown in Fig. 3 . The first scenario (Fig. 3a) illustrates the expected sites of 13 C incorporation during the metabolism of D-[1-13 C]glucose, assuming 100 % flux through glycolysis. In the glycolysis-only scenario, all 13 C is processed through position 3 of pyruvate, and enters the acetyl-CoA/acetyl-phosphate pool with no label incorporated into CO 2 by PFOR. A second scenario (Fig. 3b) for growth on [1-
13
C] pentoses assumes utilization of the PPP and non-reversible transketolase and transaldolase reactions. In this scenario, labelled carbon will appear at positions 1 and 3 of pyruvate. Any labelled carbon at position 1 of pyruvate will be converted to CO 2 by PFOR (reaction 25), and any label at position 3 will enter the acetyl-CoA/acetylphosphate pool. A final scenario (Fig. 3c) demonstrates the effect of XFP such as that encoded by CA_C1343. This scenario allows for incorporation of labelled carbon at position 2 of acetyl-phosphate by the inclusion of reactions 9 and 22. As the net effect of XFP is to drive 13 C into the acetyl-CoA/acetyl-phosphate pool, it can be concluded that the level of 13 C incorporation into acetate and butyrate may serve as an indicator for XFP activity. As these organic acids accumulate extracellularly at millimolar concentrations, are not reassimilated until cultures enter solventogenesis (which requires co-metabolism of a carbohydrate) and are easily separated from other media components, they are very convenient targets for measurement of 13 C flux during acidogenic growth (Davies, 1942) . Samples for 13 C metabolite analysis were taken in late-logarithmic or stationary phase, which was confirmed by the utilization of the majority of the test carbohydrates as shown in Table S2 . No solvents (butanol, ethanol or acetone) were detected in the samples, confirming the onset of solventogenesis had not occurred.
C label distribution
Accurate tracking of 13 C in fermentation products was determined by NMR. Fig. S2 Table 1 , revealed a positional bias in 13 C distribution between carbons 2 and 4 of butyrate for all samples. The C-2 position of butyrate had higher 13 C incorporation levels than the C-4 position, with the differences between the two positions ranging between 1.2 and 2.3 %. This bias is consistent between samples and is outside of experimental error bars, as shown in Table 1 . The most likely explanation for the biased result is the existence of a strong isotope effect on the thiolase enzyme, which combines two acetyl-CoAs to form acetoacetyl-CoA, leading to decreased 13 C incorporation at C-4 of butyrate downstream. An alternative, albeit less likely, explanation is the existence of a second route for butyrate production that does not involve acetyl-CoA intermediates. The absence of alternative butyrate synthesis routes is supported by two recent reports showing disruption of the phosphotransbutyrylase (ptb) or 3-hydroxybutyryl-CoA dehydrogenase (hbd) genes resulted in butyrate-negative phenotypes, confirming the only butyrate synthesis route is via acetoacetyl-CoA and butyryl-CoA intermediates (Lehmann & Lütke-Eversloh, 2011; Lehmann et al., 2012a) .
C flux
To determine flux through reactions of the network, experimental MIDs (shown in Table S3 ) and the OpenFLUX model were used to calculate flux distributions. Experimental and simulated MIDs determined by MS for acetate and butyrate are shown in Table 2 for growth of the wildtype and CA_C1343 mutant on different carbohydrates. The experimental acetate to butyrate fermentation product ratio, which was reproduced exactly in the simulation, is also shown. Table 3 presents the resulting representative optimized flux distributions from OpenFLUX simulation for crucial branches within the network. We chose to highlight flux through XPF-catalysed reactions in the PKP [R09 and R22, as well as the combined quantity (R09+R22)] in comparison with flux through lower glycolysis as quantified by R25. The 95 % confidence interval estimated for these values shows while flux may ebb and flow between XFP-catalysed branches of the network (R09 and R22), the total flux is more conserved through the combined branches. Flux through lower glycolysis (shown by R25) is a stable quantity and is the primary path for growth on glucose and on xylose at lower concentrations. Trends of relative flux through the glycolytic pathway are in agreement with previous results (Au et al., 2014) . Little to no leakage into the PPP is seen during growth on glucose (Amador-Noguez et al., 2010; Au et al., 2014 ). An increase in xylose concentration results in somewhat higher flux through the XFP-catalysed branch, in agreement with previous experiment and modelling . The XFP-catalysed branch was deemed to be more important in growth on arabinose, also in agreement with previous experiments (Servinsky et al., 2012) , and similarly increasing with increased pentose concentration. Flux through XFP was reduced in the mutant strain for growth on arabinose and xylose. As expected, flux through reaction 25 (PFOR) was inversely proportional to XFP flux when compared across growth conditions. The contribution of acetyl-phosphate from XFP reactions (Ac XFP ) to the total pool of carbon from acetyl-phosphate and acetyl-CoA (Ac TOT ) was calculated for each solution from fluxes for reactions 9, 22 and 25, and is presented in the last column of Table 3 . The model indicated that during growth on 0.5 % xylose there was no formation of acetyl-phosphate by XFP, while during growth on 1 % xylose and 0.5 % glucose, 1.6 and 0.3 % Ac TOT , respectively, was from XFP reactions. For growth on 0.5 % arabinose, 14.4 % of Ac TOT was from XFP reactions, increasing to 22.5 % for growth on 1 % arabinose. While confidence intervals for individual reactions 9 and 22 are quite broad, there are clear trends in the combined flux R09+R22 with a distinct narrowing of the confidence interval for the combined quantity. The confidence interval limits for flux through lower glycolysis (R25) are narrower, and there is sufficient separation between the regimes to differentiate between pentoses and assess trends. Full flux results are given in Table S4 . Experimental MIDs are reasonably reproduced by the model, as shown in Table 2 and Fig. 4 , with absolute differences in the second decimal place (sums of squared residuals are in the third decimal place), and the bulk of the residual error stems from a difficulty in reproducing the experimental butyrate MIDs. Additionally, model results for the CA_C1343 mutants show a non-zero residual flux through reactions 9 and 22, which has been seen in previous studies as well ). This will be analysed further below.
Removal of probable enzyme isotope effects
It is evident from experimental NMR data that there was a positional bias between carbons 2 and 4 of butyrate. We conjecture the most likely source of this bias is the apparent isotope effect of the thiolase enzyme (described above), and that this bias is reflected in the difficulty in reproducing butyrate MIDs by the model. Reaction 31 of the model represents the thiolase reaction, where two acetyl-CoAs are converted to acetoacetyl-CoA and a free CoA. The model lacks the ability to apply a bias towards or against 13 Ccontaining acetyl-CoA at either position in the reaction. It can therefore only randomly recombine acetyl-CoAs during formation of acetoacetyl-CoA and may not truly reflect the biology of the system.
To alleviate positional bias, experimentally measured 13 C was redistributed in butyrate using random recombination. The proportions of 13 C-labelled and unlabelled acetyl-CoA required for formation of experimentally measured butyrate were calculated. These proportions were used to calculate the probabilities of forming butyrate containing zero, one or two 13 C carbons, assuming random recombination. These values (Table 2) were provided to the model to calculate flux through the system (described above). In all cases the residual error was dramatically reduced, the largest remaining error stemming from label distribution for acetate for growth on 0.5 % xylose. Fig. 4 shows a graphical analysis of agreement between the calculated and experimentally determined MIDs for all models, both before and after correction for the probable enzyme isotope effect of thiolase. Agreement improved for butyrate MIDs in all cases and resulted in lower residual errors. Only 0.9 % of the Ac TOT was calculated to be from XFP reactions during growth on 0.5 % glucose, which is consistent with previous reports showing glucose is processed via glycolysis in C. acetobutylicum (Amador-Noguez et al., 2010; Au et al., 2014; Crown et al., 2011) . The corrected calculated proportion of Ac TOT from XFP reactions for wild-type growth on 0.5 % arabinose and 1 % arabinose was 11.8 and 19.6 %, respectively. It is apparent that flux through XFP reactions increased with increasing arabinose concentrations, similar to previously reported trends for xylose , and flux through reaction 9, which had been noticeable, becomes more marked after the correction is applied. In contrast, there appeared to be no contribution of XFP to Ac TOT during growth on 0.5 % xylose. This is also in agreement with previous reports showing the gene encoding XFP is not induced during growth on 0.5 % xylose (Servinsky et al., 2010 (Servinsky et al., , 2012 . However, XFP activity changes with increased xylose concentration . Calculations suggested 4.3 % of Ac TOT was from XFP reactions when wild-type cells were grown on 1 % xylose. The data are in reasonable agreement with a report by Liu et al. (2012) using different media and growth conditions, which showed that 8.7 % of Ac TOT is from XFP reactions during growth on 1 % xylose, as shown in Table 3 . Examination of the Ac XFP proportion of Ac TOT for the XFP mutant showed a reduction of Ac XFP to 3.1 and 1.0 % for growth on 1 % xylose and 1 % arabinose, respectively. The reduced flux and higher acetate/butyrate ratios seen in the mutant strain confirm CA_C1343 is responsible for flux via the PKP. The low residual flux seen in the mutant may be due to incompleteness of the model or possible experimental error, although there remains the possibility of another undiscovered pathway for pentose metabolism.
Indistinguishability of XFP activity
XFP activity on either xylulose-5-phosphate or fructose-6-phosphate should have a similar impact on 13 C distribution in Ac TOT . Accordingly, multiple solutions are expected to exist, with low residual error, and having varying degrees of flux between the XFP reactions. Evidence of this is shown in Fig. 5 , which plots flux through reactions v9 and v22, as well as the total v9+v22 for all acceptable solutions (FVAL ,0.008) of the model for growth on 1 % arabinose after removal of enzyme isotope effects. While flux varied between reactions 9 and 22, total XFP activity within the system remained relatively constant, as seen in Fig. 5 and by the more restricted confidence interval calculated for the R09+R22 total given in Table 3 . The flux data show multiple correct solutions exist when two enzyme activities have similar physiological effects. Based on our analysis and that by Liu et al. (2012) , it is not possible to distinguish between the individual contributions of xylulose-5-phosphate and fructose-6-phosphate phosphoketolase activity of XFP.
DISCUSSION
The results presented provide a combined experimental and computational 13 C flux analysis of glucose, xylose and arabinose metabolism of C. acetobutylicum, to further explore recent implications of PKP and PPP utilization in this organism. Evidence of increasing utilization of the PKP with increasing xylose concentration was found, with a proportion of flux through XFP-catalysed reactions in 1  9  17  25  33  41  49  57  65  73  81  89  97  105  113  121  129  137  145  153  161  169  177 good agreement with previous work. PKP utilization was found to be even more pronounced during growth on arabinose and increased with higher carbohydrate concentrations. The XFP mutant showed reduced flux through the PKP and decreased acetate/butyrate ratios. Residual flux in the mutant could have been due to another pathway for pentose utilization or, more likely, the result of model incompleteness or experimental error. The notion that C. acetobutylicum utilizes multiple pathways for arabinose metabolism was originally suggested by Johnson et al. (1931) , and our results corroborate this. The discrepancy between PKP flux on arabinose and xylose, along with knowledge that the xfp gene was not induced by other carbohydrates, suggests the pathway's primary role is metabolism of arabinose, and provides further support to the idea that differential PKP flux is responsible for the dramatically different growth rates seen on these two carbohydrates (Servinsky et al., 2010 (Servinsky et al., , 2012 . Further evidence for the role of the PKP is the presence of a binding site for the arabinose regulator upstream of the xfp gene (Rodionov et al., 2001; Zhang et al., 2012) . NMR data revealed a positional bias in labelling between carbons 2 and 4 of butyrate that contributed to a discrepancy between experimental and initial simulation results. The positional bias was postulated to be caused by a strong isotope effect from the thiolase enzyme, which catalyses production of acetoacetyl-CoA (R31 in the metabolic model). When a straightforward correction for the isotope effect was applied, modelling and experimental results were in excellent agreement. This simple model is one of the first to include both xylulose-5-phosphate and fructose-6-phosphate phosphoketolase activity of XFP, and is useful for elucidating the metabolism of other phosphoketolasecontaining organisms of ecological, medical or industrial relevance.
